Abstract Pearl millet (Pennisetum glaucum (L.) R. Br.) hybrids, grown widely in India and to some extent in the US, are all based on an A 1 CMS source, leaving the pearl millet hybrids vulnerable to potential disease or insect pest epidemics. A comparison of this CMS system with two additional CMS systems (A 4 and A 5 ) in the present study based on isonuclear A-lines (seed parents) and their isonuclear hybrids showed that A-lines with the A 4 cytoplasm had much fewer pollen shedders and much reduced selfed seed set in visually assessed non-shedding plants as compared to those with the A 1 cytoplasm. A-lines with the A 5 cytoplasm had neither any pollen shedders nor did they set any seed when selfed. This showed that the A 5 CMS system imparts complete and most stable male sterility, followed by the A 4 and A 1 CMS systems. The frequency of maintainers, averaged across a diverse range of 26 populations, was highest for the A 5 CMS system (98%), followed by the A 4 (59%) and the A 1 (34%) system indicating the greatest prospects for genetic diversiWcation of A-lines lies with the A 5 cytoplasm, and the least with the A 1 cytoplasm. Mean grain yield of hybrids with the A 1 cytoplasm was 5% more than the A 4 -system hybrids, while there was no diVerence between the mean grain yield of hybrids based on A 1 and A 5 CMS systems. Based on these results, it is suggested that seed parents breeding eYciency will be the greatest with the A 5 CMS system, followed by the A 4 CMS system, and least with the currently commercial A 1 CMS system.
Introduction
Pearl millet [Pennisetum glaucum (L.) R. Br.] is a highly cross-pollinated crop grown on 26 million ha in Africa (15 million ha) and Asia (11 million ha) with India having the largest area (about 10 million ha) in the world. It is primarily grown for grain production, but is also valued for its fodder (both stover and green forage). Single-cross hybrids of pearl millet have 25-30% grain yield advantage over open-pollinated varieties (Rai et al. 2006) . The availability of a commercially viable A 1 cytoplasmic-nuclear malesterility (CMS) system, discovered in 1958 (Burton K 1965), provided stimulus for hybrid breeding programs in India and also, to some extent, in Africa and the USA. The A 1 CMS system continues to be the only cytoplasm involved in all the commercial hybrids in India where more than 80 hybrids are cultivated on 50% of the total pearl millet area. It is also the only cytoplasmic source involved in commercial hybrids in the USA and in experimental hybrids being tested in Africa. Considering the risk of cytoplasmic uniformity associated with potential vulnerability to disease and insect pest epidemics, as witnessed in case of southern corn leaf blight epidemic on Texas CMS-based hybrids of corn [Zea mays (L.) ] in the USA (Scheifele et al. 1970) , concerted eVorts were made to search for alternative CMS systems in pearl millet. This led to the identiWcation of several CMS sources, of which two alternative sources, one (A 4 ) identiWed in a wild species (Hanna 1989 ) and the other one (A 5 ) identiWed in a large-seeded gene pool (Rai 1995) were found particularly interesting. Initial results based on pollen shedding and selfed seed set in visually-assessed non-shedding plants in isonuclear A-lines in the genetic background of 81B had shown male-sterility of these two alternative CMS systems to be greater and more stable than that of the A 1 -system A-lines (Rai et al. 2001) .
The commercial potential of a CMS system depends on several factors. The foremost among these is the stability of male-sterility of A-lines across various genetic backgrounds and environments. This attribute reduces the probability of discarding A/B pairs whose early generation backcross progenies may be sterile, but turn fertile in advance backcross stages. It also reduces the seed production cost of A-lines and hybrids, and contributes to the maintenance of genetic purity of A-lines and hybrids. High frequency of maintainers in the germplasm and breeding materials enhances the prospects of genetic diversiWcation of A-lines. This, of course, would require greater eVorts in breeding restorers of grain hybrids. The relative usefulness of alternative CMS sources also depends on their eVect on grain yield and traits of agronomic and adaptation signiWcance. Other factors that determine breeding eYciency of a CMS system include the nature of genetic inheritance and its impact on restorer development (in case of grain hybrids). This paper reports on the comparison of three diverse CMS systems (A 1 , A 4 and A 5 ) for their breeding eYciency in terms of stability of male sterility, frequency of maintainers in a wide range of breeding populations and any eVects on grain yield and agronomic traits.
Materials and methods

Experimental material
Isonuclear A-lines
Three isonuclear A-lines with the A 1 , A 4 and A 5 cytoplasm in each of the three and diverse genetic backgrounds of the B-lines (81B, 5054B and ICMB 88004) (Table 1 ) used in this study were developed by more than seven generations of backcrossing of the B-lines into the respective cytoplasmic sources. These nine A-lines were used to study the stability of their malesterility with respect to the frequency of pollen shedders and degree of selfed seed set in visually assessed nonshedding plants classiWed as male-sterile.
Isonuclear single-cross hybrids
Two sets of hybrids were made for two experiments. For experiment 1, the three B-lines (81B, 5054B and ICMB 88004) and their counterpart six A-lines with the A 1 and A 4 cytoplasms were crossed with each of the Wve diverse dual-restorer lines (those lines that restore male fertility of hybrids made on the A 1 and A 4 -system male-sterile lines) (Table 1) , leading to 45 hybrids. Dual-restorers identiWed in testcross nurseries prior to summer 1997 were subjected to three generations of single-plant selection for high levels of male-fertility restoration of both the 81A 1 and 81A 4 . Bulk pollen from each restorer line was collected from panicles selfed with parchment paper bags when one-third of the panicles were out of the boot to pollinate the selfed panicles of A-lines and B-lines at full stigma emergence. For experiment 2, the same three B-lines and their counterpart six A-lines with the A 1 and A 5 cytoplasm were crossed with Wve diverse dual-restorer lines (Table 1) , leading to 45 hybrids. These dual-restorers (restorers of A-lines with the A 1 and A 5 cytoplasm) were developed by 8-9 generations of backcrossing of an A 5 restorer gene from a genetic stock into Wve diverse A 1 -system restorers, followed by three generations of selWng and single plant selection for high levels of male fertility restoration in the A 5 cytoplasmic background. The experi-mental hybrid seed was produced following the same procedure as for experiment 1.
Isonuclear topcross hybrids
Three isonuclear A-lines with the A 1 , A 4 and A 5 cytoplasm in the genetic background of the most widely used commercial seed parent 81B (i.e., 81A 1 , 81A 4 and 81A 5 ) were crossed with 26 diverse open-pollinated varieties (OPVs) and composites (Table 2) developed in Asia region (15) and African regions (11) to assess the frequency of potential maintainers that could be derived from inbreeding in these populations. These 78 topcross hybrids were developed by pollinating 20-25 panicles of each of the three A-lines with bulk pollen collected from 100 to 150 plants of each population. The crosses were made on the tiller panicles of those plants in A-lines that had been examined and found sterile on the basis of pollen shedding in the main panicles.
Field trials
Isonuclear A-lines
The nine isonuclear A-lines with three CMS sources were evaluated in isolated Welds at least 1,000 m away from any other pearl millet Weld in seven year £ season environments at Patancheru during 1999-2001 (Table 3) . The three seasons (rainy season, early-dry summer season and late-dry summer season) exposed the plants to a wide range of temperature and humidity during the Xowering time. The mean maximum temperature encountered during the period spanning from the initiation of Xowering till end of the Xowering varied from 28.9 to 29.8°C across the years during the rainy season, from 35.8 to 37.2°C during the early-dry summer, and from 37.8 to 39.9°C during the late-dry summer. The highest maximum temperatures encountered during the crop period were 32.8°C during the rainy season, 40.4°C during the early-dry summer, and 42.3°C during the late-dry summer season. The highest relative humidity at 800 h across the years was 89-91% during the rainy season, 63-73% during the early-dry summer season and it was 57% during the late-dry summer season.
More than 700 plants were evaluated for male-sterility at the Xowering time by visually checking each A-line in the forenoon for plants shedding pollen. Those plants shedding pollen were classiWed as malefertile. Of those visually found non-shedding in the main panicles, tiller panicles of generally more than 300 plants were selfed with the parchment paper bags at the heading time to evaluate for seed set under sel- Wng. The selfed panicles were harvested at the physiological maturity and scored for selfed seed set following the ergot rating scale (Thakur and Williams 1980) , where seeds were considered equivalent to ergot-infected seeds.
Isonuclear single-cross hybrids
The 45 . The trials were over-planted at 75 cm row-to-row spacing during the rainy season at Patancheru, and at 60 cm spacing at other locations and at Patancheru during the 2005 summer season. About 15 days after planting, seedlings were thinned to 10 cm spacing. Time to 50% Xower was recorded on the plot basis when main panicles of 50% of the plants in a plot had fully emerged stigmas. Plant height and panicle length was recorded on Wve random plants (three plants in Jamnagar for experiment 2). Plant and panicle counts were used to determine the number of panicles plant
¡1
.
Isonuclear topcross hybrids
The 78 topcross hybrids were evaluated for the frequency of male-fertile and male-sterile plants based on the visually assessed pollen shedding. Each hybrid was planted in four rows of 4 m with 10 cm spacing between the plants within the rows, giving approximately 150 plants of each hybrid in each of the two replications. The trial was conducted during the 2000 rainy season and 2001 dry-summer season at Patancheru. Each plant in the trial was rated either as fertile (shedding pollen) or sterile (shedding no pollen).
Statistical analyses
The frequency of male-sterile plants in topcross hybrids of the 26 populations had a very wide range both on 81A 1 and 81A 4 with a great deal of overlap. Thus, the diVerence between these two systems for the frequency of male-sterile plants in hybrids (and hence by implication the frequency of maintainers in each of the population) was tested for statistical signiWcance using the 2 -test for independence (Gomez and Gomez 1984) . Grain yield and other agronomic traits in the hybrid trials were analyzed following a Wxed model analysis of variance in a split-plot design, using the statistical package GenStat Release 8.1 (Payne 2002) .
Results
Stability of male-sterility
Isonuclear A-lines with the A 1 cytoplasm had pollen shedders in all the three genetic backgrounds and in all the environments except in ICMA 88004 during the 1999 rainy season (Table 4 ). There were no more than 0.6% pollen shedders in 81A 1 and ICMA 1 88004 in any of the environments, and there were no clear patterns of pollen shedding across the three seasons in which these lines were tested. In 5054A 1 , however, there were relatively higher frequencies of pollen shedders during the rainy season (1.2-2.5%) compared to the early-and late-dry seasons (0.1-0.4% shedders). A-line with the A 4 cytoplasm had no pollen shedders in the genetic background of 81B in all the environments. Lines 5054A 4 and ICMA 4 88004 had a maximum of 0.1-0.3% pollen shedders in one or two environments. A-lines with the A 5 cytoplasm had no pollen shedders in any of the three genetic backgrounds and in any of the seven environments (Table 4) . A very high percentage of plants (95-100%) of A-lines with the A 1 cytoplasm visually assessed as no pollen-shedder did not set any seed when selfed (Table 5 ). However, a low frequency of plants with 1-5% selfed seed set was found in all the A-lines with this cytoplasm, and in all the environments except the late-dry summer of 2001. A few plants of all the three A-lines had even >10% selfed seed set in at least one of the environments. There was no clear pattern related to the eVect of environment on selfed seed set. The seed set in ICMA 1 88004 was lesser than in the other two A-lines with genetic backgrounds of 81B and 5054 B. A-lines with the A 4 cytoplasm had fewer plants than those with the A 1 cytoplasm in 1-5% selfed seed class, especially in the genetic backgrounds of 81B and ICMB 88004. Except for one plant in 6-10% seed set class in 5054A 4 in 2001 early-dry summer, no plant of all the three A-lines had more than 5% selfed set. A-lines with the A 5 cytoplasm rarely set any seed in any of the three genetic backgrounds and in any of the seven environments.
Maintainer frequency
Since the pollen grains are haploid, frequency of male-fertile and male-sterile plants in topcross hybrids made on A-lines are indicators, respectively, of the frequency of restorers and maintainers that can be expected from inbreeding during line development from the pollinator populations. Averaged across all the 26 populations, there were 33% male-sterile plants (i.e., potential maintainers) in hybrids based on 81A 1 , 59% in hybrids based on 81A 4 and 98% in hybrids based on 81A 5 . The frequency of maintainers of the A 1 and A 4 CMS systems, however, varied a great deal among the populations both from Asia and African regions. In the populations from Asia, the frequency of potential maintainers varied from 6 to 74% for the A 1 CMS system, from 28 to 96% for the A 4 and from 87 to 100% for the A 5 system (Fig. 1) . In 12 of the 15 populations, the frequency of maintainers of the A 4 CMS system was signiWcantly higher than those for the A 1 CMS system ( 2 ranging from 30 to 815; P < 0.01). In the populations from Africa, the frequency of maintainers varied from 16 to 74% for the A 1 CMS system and from 27 to 88% for the A 4 CMS system (Fig. 2) . The frequencies of maintainers of the A 4 CMS system were signiWcantly higher than those for the A 1 CMS system in eight of the 11 populations ( 2 ranging from 29 to 368; P < 0.01). Again, the highest frequency of maintainers (88-99%, except one population having 55%) was observed for the A 5 CMS system.
Grain yield and agronomic traits
All the hybrids in both experiments had profuse pollen shedding and hence were highly male-fertile. Experiment 1 was conducted at varying productivity levels with the mean grain yield of hybrids in the trial ranging from 1.64 t ha ¡1 at Jamnagar in 2002 (E5) to 3.83 t ha ¡1 at Patancheru in 2002 (E1) ( Table 6 ). The CMS eVect on grain yield was highly signiWcant (P < 0.01) ( Table 7) . Averaged across all the six environments and the genetic backgrounds of the A-lines and R-lines, the mean grain yield of the A 1 -system hybrids was 2.57 t ha ¡1 , which was 5% more than the mean grain yield of the A 4 -system hybrids, and 6% more than the mean grain yield of hybrids made on the B-lines. There was, however, highly signiWcant (P < 0.1) CMS £ genetic background interaction and signiWcant (P < 0.5) CMS £ environment interaction (Table 7) . Averaged over environments and R-lines, the mean grain yield of the A 1 -system hybrids in the genetic background of 81B was 2.60 t ha ¡1 , similar to the mean grain yield of 81A 4 hybrids. In the genetic background of 5054B and ICMB 88004, however, the A 1 -system hybrids had 8-9% more grain yield than the A 4 -system hybrids. In two environments (E3 and E5), CMS diVerences were non-signiWcant, while in the remaining four environments, the mean grain yield of the A 1 -system hybrids varied from being similar to the A 4 -system hybrids to more than 9% yield advantage in one environment (E2). Averaged over the restorers, the mean gain yield advantage of the A 1 -system hybrids over the A 4 -system hybrids exceeded 10% in the genetic backgrounds of 5054B and ICMB 88004 in E2, and in the genetic background of 5054B in E4. Experiment 2 was also conducted at varying productivity levels, with the mean grain yield of hybrids in the trial ranging from 1.75 t ha ¡1 at Jamnagar in 2005 (E4) to 3.49 t ha ¡1 at Patancheru in 2005 (E2) ( Table 8 ). The CMS eVect on grain yield was signiWcant (P < 0.05) in this trial also (Table 7) , but averaged over all the environments and the genetic backgrounds of the A-lines and R-lines, the mean grain yield of the A 1 -system hybrids was 2.80 t ha ¡1 , which was very similar to the mean grain yield of the A 5 -system hybrids and 3% more than the mean grain of the hybrids made on B-lines (Table 8) . Interaction of CMS eVect with the genetic backgrounds of the A-lines and the environment was also signiWcant (P < 0.05). The A 1 -based hybrids with the mean grain yield of 2.63 t ha ¡1 in the genetic background of ICMB 88004 and in environment E3 registered the largest yield advantage of 7% over the A 5 -based hybrids. But in environment E4 and in the genetic background of 81B, A 5 -based hybrids, on an average, had 8% more grain yield than the A 1 -based hybrids.
The CMS eVects on plant height and time to 50% Xower were signiWcant in both experiments (data not presented). However, averaged over the environments and genetic backgrounds of R-lines, the diVerence between the A 1 -system hybrids and those based on the A 4 -and A 5 -CMS systems varied from none to 2 days for Xowering and from none to 3 cm for plant height. The CMS eVect was signiWcant for panicle length in experiment 2 (though no more than 1 cm of changes were observed), and non-signiWcant for the number of panicles per plant in both experiments.
Discussion
The A 1 male sterility system discovered and disseminated more than 40 years ago for use in hybrid parent development continues to be the only CMS system under commercial use till today. Pearl millet research programs at ICRISAT, and in the National Agricultural Research System and the private sector in India, and in the US, have developed a number of A-lines based on this cytoplasm that are seed parents of commercial hybrids, with a highly diversiWed hybrid cultivar base in India (Mula et al. 2007 ). This CMS system, however, has an inherent problem of unstable male sterility, resulting in varying frequency of pollen shedders, depending on the genetic backgrounds of the A-lines and the environments. The frequency of pollen shedders in these A-lines is generally very low (<5% in most of the genetic backgrounds and in most of the environments), but none of the A-lines produced so far has been found to be free of pollen shedders. Since the frequency of pollen shedders in the A lines based on A 1 -system is low, and none of the several CMS sources identiWed subsequently was better than this (Rai et al. 1996 (Rai et al. , 2001 ), the widespread use of the A 1 CMS system in hybrid development continued. Search, however, also continued to identify more stable CMS sources. A preliminary study had shown that while 81A 1 , the most widely used commercial A-line in India, had 0-0.6% pollen shedders, 81A 4 and 81A 5 had none (Rai et al. 2001) . This comparison of the three CMS systems was, however, based on a single genetic background of the A-lines. Results of the present study across three genetic backgrounds conWrmed the earlier Wndings of 81A 1 having pollen shedders up to 0.6%. There was no discernible pattern in the pollen shedder frequency across the environments that varied for the mean maximum temperatures ranging from 28.9°C in the rainy season to 39.9°C during the late-dry season, and relative humidity ranging from 57% during the dry summer to 91% during the rainy season. In 5054A 1 , however, the frequency of pollen shedders increased to 1.2-2.5% across the rainy season but was comparable to that in 81A 1 during the dry seasons having higher temperatures and lower relative humidity. The frequency of pollen shedders in A-lines with the A 4 cytoplasm was very rare, while there were no pollen shedders in Alines with the A 5 cytoplasm, regardless of the genetic backgrounds and the test environments. Visual assessment of pollen shedding fails to detect those partially fertile plants that produce traces of viable pollens. A low frequency of such plants (<4%) had 1-5% selfed seed set in A-lines with the A 1 cytoplasm, indicating low fertility levels that could arise from reversion to male fertility. The frequency of such plants was largely inXuenced by the genetic backgrounds of A-lines (highest in 81A 1 and lowest in ICMA 1 88004) rather than by the environments, as there was no clear patterns of pollen shedding across seasons. A very low frequency of plants (<1%) in A-lines with this cytoplasm had even >10% selfed seed set in all the three genetic backgrounds in some environments. It has been shown that these seeds produce relatively higher frequency of pollenshedding plants, with 22-24% pollen shedders in 81A 1 and up to 63% pollen shedders in 5054A 1 (Rai et al. 2006 ). The few selfed seeds in these few plants could have arisen due to cytoplasmic mutations, leading to reversion to male fertility as reported earlier in pearl millet (Burton 1977) . Further, there are reports of genetic backgrounds of A-lines inXuencing the reversions to male fertility in pearl millet (Clement 1975) and maize (Singh and Laughnan 1972) . A-lines with the A 4 cytoplasm had much fewer plants in 1-5% seed set class and had no plant exceeding 5% seed set level, while the A-lines with the A 5 cytoplasm had rarely any plants that had even 1-5% seed set. Thus, the selfed seed set patterns in non-shedding plants of A-lines were in broad conformity to the pollen shedding patterns, indicating that the A 5 CMS system imparted complete and the most stable male sterility, followed by the A 4 CMS system that confers nearly complete sterility in most of the genetic backgrounds and environments. The sterility of the A 1 CMS system is least stable, and is greatly inXuenced by the genetic backgrounds but inXuence of environmental factors such as temperatures and relative humidity did not show any deWnite pattern.
Based on the average frequency of male-sterile plants in topcross hybrids of a wide range of populations of diverse origin and genetic base, it appeared that about 98% of the inbred lines derived from them can be expected to be maintainers of the A 5 CMS system, 59% of the A 4 system and 33% of the A 1 system. Hence the A 5 CMS system provides the greatest opportunity for genetic diversiWcation of A-lines, which would enhance the probability of producing genetically diverse hybrids, especially of forage types as sterile hybrids are likely to be preferred to fertile hybrids. However, use of A-lines with the A 5 cytoplasm for grain hybrid development would require much greater eVorts for the breeding of restorer lines than required for the A 1 and the A 4 CMS systems. A backcross breeding scheme devised and eYciently used for converting 48 breeding lines into their A 5 -restorer versions at ICRISAT showed that the restorer breeding eYciency of this (and the A 4 ) CMS system was a rather simpler task. This approach keeps the restorer genes in the sterile cytoplasmic background all through the backcross generations, and hence allows for the selection of plants with high levels of male fertility in the main panicles before using their tiller panicles for backcrossing (Rai et al. 2006 ). Further, the highest possible levels of male fertility restoration ability in the restorer lines is not a necessary requirement in pollinators of grain hybrids of this wind-pollinated and proliWc pollen-producing species. Conversely, the highest level of stable male sterility is a necessary requirement in A-lines for economical seed production (cost savings from overcoming the roguing operations) and maintenance of seed quality standards (a seed certiWcation requirement). The frequency of A 4 -system maintainers from a diverse range of populations is likely to be twice as high as that of the A 1 -system maintainers, which would double the eVectiveness of genetic diversiWcation of A-lines with the A 4 CMS system, although this would be only half as eYcient as the A-line breeding with the A 5 CMS system.
The highly male-sterilizing abilities of the A 4 and A 5 CMS systems would enhance the breeding eYciency of not only male-sterile inbred lines, but also of the male-sterile populations for use in breeding inter-population hybrids, and male-sterile F 1 s for use in breeding three-way hybrids. The feasibility of producing a male-sterile population based on the A 4 CMS system has been demonstrated (Rai et al. 2000) . The breeding of male-sterile populations with the A 5 CMS system is likely to be even more eYcient. It has been observed that the A 1 -system A-lines when crossed with non-parental B-lines, do not necessarily produce fully male-sterile F 1 s (Rai and Hash 1990) , reducing the prospects of breeding male-sterile F 1 s. This diYculty can be substantially reduced with the use of the A 4 CMS system, and more so with the use of the A 5 CMS system. Both types of seed parents would increase the cost eVectiveness of seed production due to their higher seed yield potential on account of varying degrees of heterozygosity, and the stability of resistance to downy mildew in hybrids due to genetic heterogeneity and more eVective resistance gene deployment strategies in parental lines of threeway hybrids (Witcombe and Hash 2000) . These types of seed parents would be speciWcally suitable for breeding forage hybrids as the within-cultivar variability in forage hybrids would be of much less concern than in the grain hybrids. However, these could also be useful for breeding grain hybrids for the arid and semi-arid African agricultural situations where the concept of uniform hybrids has not yet established a foothold.
The diVerence between mean grain yield of the A 1 -and the A 5 -system hybrids (<1%) was non-signiWcant, with signiWcant interaction with the genetic backgrounds and the environments. Thus, the diVerence between the A 1 -and A 5 -system hybrids varied from none to no more than 9%, depending on the genetic backgrounds and the environments, and it was not consistent in the direction of one cytoplasm or the other. This showed that the A 5 CMS system has no adverse eVect on grain yield. The grain yield diVerences between the A 1 -and A 4 -system hybrids were of relatively larger magnitude, with the A 1 -system hybrids having 5% overall grain yield advantage over the A 4 -system hybrids when averaged over the genetic backgrounds of both A-lines and R-lines and the environments. In none of the genetic backgrounds of the A-lines and the environments, the A 4 -system hybrids had any yield advantage over the A 1 -system hybrids. Rather the A 1 -system hybrids had signiWcantly higher mean grain yield than the A 4 -system hybrids especially in the genetic backgrounds of both 5054B and ICMB 88004. In some of the environments grain yield advantage in A 1 hybrids was up to 17%. In another study that compared isonuclear hybrids with A 1 and A 4 cytoplasm in a single environment, 8% higher yield of A 4 -hybrids was observed (Yadav 1996) . On the other hand, Chandra-Shekara et al. (2007) reported negative eVect of the A 4 CMS system and positive eVect of the A 5 CMS system on grain yield in pearl millet, though these diVerences were signiWcant in only one of the two environments. This study, however, was not based on isonuclear A-lines and involved a set of common pollen parents, all of which not necessarily produced fertile hybrids on the A 4 -system A-lines and none produced fertile hybrids on the A 5 -system A-lines. Even though all hybrids in the trial would have had good seed set under open pollination, lack of pollen production per se may have positive eVect on grain yield as reported in maize (Duvick 1957) . Thus, the yield diVerences of the A 1 -and A 4 -system hybrids are highly variable depending on the genetic backgrounds and the environments. In determining the relative usefulness of the A 1 and A 4 CMS systems, hybrids need to be viewed in relation to level and stability of male-sterility, and higher levels of maintainer frequency of the A 4 CMS system.
The above results of this study demonstrate that A 5 CMS system provides a greater opportunity for genetic diversiWcation of seed parents with complete and most stable male sterility and without any adverse eVects on grain yield. However, the use of A 5 CMS system for grain hybrid development would require greater eVorts than those required for the A 1 -and A 4 -system for restorer parents development, but this can be rapidly achieved by using highly eVective restorer stocks and backcross breeding procedure. The A 4 CMS system is likely to be relatively lesser eYcient than the A 5 CMS system in breeding seed parents, but is clearly more eYcient than the A 1 CMS system.
